We examined spatio-temporal genetic variation at 53 single nucleotide polymorphisms in anadromous Arctic char populations from Western Greenland, a region experiencing pronounced climate change. The study was based on contemporary and historical samples, the latter represented by DNA extracted from otoliths and scales from the 1950s-1960s. We investigated whether genetic population structure was temporarily stable or unstable, the latter due to relatively small spawning and nursery areas combined with a harsh Arctic environment. Furthermore, in order to evaluate the potential for adaptive responses and local adaptation we estimated effective population size (N e ) and migration rate (m). Temporal stability of genetic population structure was suggested, based on a hierarchical analysis of genetic differentiation showing much higher differentiation among samples from different populations (F CT = 0.091) than among temporal samples from the same populations (F SC = 0.01). This was further supported by a neighbor-joining tree and assignment of individuals that showed high contingency between historical and contemporary samples. Estimates of N e were high (> 500) in three out of four populations, with a lower estimate in one population potentially reflecting fishing pressure or suboptimal environmental conditions. Estimates of m were in most cases low, ≤ 0.01. N e and m estimates suggest a potential for adaptive responses and local adaptation. However, long generation time may also cause adaptive responses by microevolution to be unable to track climate change, especially considering the low migration rates that reduce potential evolutionary rescue by gene flow from populations better adapted to the altered environments.
Introduction
The genetic structure of populations is usually observed on a geographical scale, whereas the forces that have shaped it, that is genetic drift, migration and selection accumulate their effects on a temporal scale. Given the strength of these evolutionary forces in population systems and their interactions with environmental parameters, the outcomes may be quite divergent: e.g. demographic stability will lead to temporally stable genetic structure, whereas high unstability or even population turnover may cause genetic structure to change significantly over time (Fraser et al. 2007 ). Hence, a more complete account of genetic population structure may be obtained by analyzing the same populations at different time points, and in the case of weakly differentiated populations this has been proposed as a gold standard to validate the inferred genetic population structure (Waples 1998) . At the same time, one of the best designs for estimating the crucial demographic parameter effective population size (N e ) involves the use of temporal samples (Waples 1989) . In general replicated temporal sampling allows for monitoring a range of important demographic parameters of importance to conservation and management (Schwartz et al. 2007; Hansen et al. 2012) .
One obvious approach for obtaining temporal samples for population genetic analysis consists in analyzing DNA from archived historical samples (Wandeler et al. 2007; Leonard 2008; Nielsen and Hansen 2008; Lim and Braun 2016) . In fishes, historical samples have normally consisted of scales and otoliths as well as other hard parts. Analyzing such samples has led to important insights on the general temporal stability of populations and their effective population sizes (Hauser et al. 2002; Lippé et al. 2006; Fraser et al. 2007) , relationships between extant and extinct populations (Nielsen et al. 1999; Ludwig et al. 2002; Iwamoto et al. 2012; Therkildsen et al. 2013 ) and the effects of stocking and fish farm escapes on wild populations (Hansen et al. 2009; Glover et al. 2012; Metcalf et al. 2012; Valiquette et al. 2014) .
Analyzing spatiotemporal population genetic structure also becomes relevant when assessing the possible future consequences of anthropogenic pressures on wild populations. Among these, climate change is expected to have particularly important negative effects (Anon 2005) , with consequences encompassing among others altered ecological interactions, physiological stress and mismatch between phenology and seasonal timing (Bradshaw and Holzapfel 2008; Hoffmann and Sgro 2011; Thackeray et al. 2016 ). Knowledge of spatiotemporal genetic structure can provide a baseline that can be used to assess if a previously stable genetic population structure shifts towards a system characterized by frequent extinctions and recolonizations resulting from climate change. Also, estimates of demographic parameters obtained from temporal samples, such as N e and migration rate, can be used for assessing the potential for local adaptation and the possibility of gene flow mediating natural evolutionary rescue, whereby maladaptation to altered environmental conditions is offset by introduction of new beneficial genetic variation that selection can act on (Adkison 1995; Garant et al. 2007; Somero 2010; Gonzalez et al. 2013) .
The Arctic char (Salvelinus alpinus) is the most northerly distributed salmonid fish species (Klemetsen et al. 2003) . It is cold-water adapted, has a narrow temperature range and low tolerance to temperature change (Knudsen et al. 2016) . These attributes make it especially vulnerable to ongoing anthropogenic climate warming. Hence, Hein et al. (2012) modeled the future distribution of Arctic char in Swedish lakes under a climate change scenario and predicted a decrease of 73% in its future range. In Greenland, the Arctic char is the most common freshwater fish, and anadromous char populations are of considerable recreational and commercial value, often providing valuable food sources for local communities (Sparholt 1985) . At the same time, Greenland is facing severe climate change and associated environmental change. The decade from 2001 to 2010 is the warmest period recorded in Greenland from 1784 to the present (Cappelen and Vinther 2014) . It has furthermore been forecasted that already by 2050, temperature could on average have increased by 3 °C in winter, 4 °C in spring and 2 °C in summer and autumn, and with even more dramatic increases expected by 2080, such as a 7-8 °C increase in winter temperature (Stendel et al. 2007) . A first step towards understanding how this could affect anadromous Arctic char populations consists in clarifying their basic genetic population structure, including the stability of population structure over time, and estimating demographic parameters of importance for current adaptation and future adaptive responses.
Although several population genetic studies of Arctic char have been undertaken, most have focused on phylogeography and resolving genetic relationships among ecologically and phenotypically divergent morphs that are often observed in large lakes (Brunner et al. 2001; Gomez-Uchida et al. 2008; Kapralova et al. 2011; May-McNally et al. 2015; Moore et al. 2015; Taylor 2016) . A recent study analyzed genetic structure and demographic parameters in landlocked populations in Finland (Shikano et al. 2015) . Genetic differentiation was found to be strong, with pairwise F ST ranging between 0.122 and 0.437. Contemporary N e estimated using a linkage disequilibrium method (Waples and Do 2008) was found to range from 7 to 288 among populations and the N e / N C ratio was suggested to be low, i.e. 0.02. However, the genetic structure of anadromous Arctic char populations is likely to be different, as they are potentially connected by gene flow. This was shown in a series of studies of anadromous char populations from the Nunavut Region in Arctic Canada (Moore et al. 2013 (Moore et al. , 2017 Harris et al. 2014 Harris et al. , 2016 that found low genetic differentiation among populations [e.g. F ST = 0.038 on a geographical scale of some hundreds of kilometres in Moore et al. (2013) ] and indicated high straying rates among populations: 4-14% per year, although realized gene flow might be much lower, between 0.034 and 3.4% (Moore et al. 2013) . At the same time, estimates of effective population size and gene flow and consideration of realistic selection coefficients made it at least theoretically possible that local adaptation could occur (Moore et al. 2013) .
The present study focused on anadromous Arctic char populations in Western Greenland. A unique collection of otoliths and scales sampled from specific populations in the 1950s-1960s was available as a source of historical DNA, and contemporary samples were collected from the same populations. Based on analysis of a set of 53 SNPs (Jacobsen et al. 2017) , spatial and temporal dimensions of genetic population structure were analyzed and effective population size and gene flow was estimated. The following questions were addressed: (1) is spatial genetic structure temporally stable? Given the results by Moore et al. (2013) indicating high dispersal rates, it is possible that genetic structure might be unstable over time. Moreover, rivers in Greenland are often small, and land upheaval after the last Glaciation have in many cases led to the establishment of waterfalls close to the outlets in the sea. Limitation of spawning area available to anadromous char combined with harsh winter conditions could potentially lead to fluctuations in recruitment success and thereby temporal instability of genetic population structure. Examples of this have been observed in brown trout (Salmo trutta) populations inhabiting small rivers susceptible to periodic droughts (Laikre et al. 2002; Østergaard et al. 2003) . (2) Do estimates of effective population size and migration rate suggest or preclude the presence of local adaptation, future adaptive potential and evolutionary rescue? These issues are important for assessing the adaptive potential of anadromous Arctic char in Greenlandic populations, particularly in the light of ongoing climate change.
Materials and methods

Sample locations
Samples of Arctic char were analyzed from eight localities in Western Greenland (Table 1 ; Fig. 1) , which in the following will be referred to by their sample codes. NUUK-1 is a larger system consisting of seven connected lakes and is furthermore the only locality in Greenland where Atlantic salmon (Salmo salar) is known to spawn. At NUUK-2, an impassable waterfall is situated ca. 400 m from the outlet into the sea, limiting the spawning habitat available to anadromous char. NUUK-2LL represents a sample of landlocked char inhabiting a ca. 0.7 km 2 lake above this waterfall. NUUK-3 is a ca. 7 km long river connected with a ca. 1 km 2 lake upstream. NUUK-4 represents lake. NUUK-5 is a ca. 9 km long river connected to a ca. 3 km 2 lake, with several smaller waterfalls that may at least during low water flow restrict upstream migration by anadromous char, the first ca. 1.8 km from the outlet.
QAQO-1 is a river, where a waterfall ca. 800 m from the outlet restricts upstream migration. QAQO-2 represents a 1.3 km stretch of river connected to a ca. 8.7 km 2 lake, with uninterrupted access to anadromous char. Table 1 for geographical coordinates, sample abbreviations and detailed information on the samples Contemporary samples were collected in 2008 to 2014 by angling and net fishing. In NUUK-1-2012 four individuals consisted of juveniles (< 10 cm) and the remaining individuals represented ascending spawners. In the case of NUUK-2-2013, NUUK-3-2013 and NUUK-4-2012 it was not possible to reliably distinguish ascending spawners from non-spawning over-wintering adults, whereas NUUK-5-2012, QAQO-1-2014 and QAQO-2-2014 consisted exclusively of ascending spawners. Small adipose fin clips were sampled non-destructively and stored in 96% ethanol at − 18 °C, except for NUUK-2-LL, which consisted of dried otoliths. From four of the localities (NUUK-1, NUUK-2, NUUK-4, QAQO-2) historical samples from 1952 to 1953 were available, representing sample sizes between 22 and 36. In addition, smaller historical samples (sample sizes ranging from 2 to 7) were available from other time periods or populations, but were only used for some statistical analyses. The historical samples were collected by net fishing and consisted of otoliths and in some cases also scales, stored in paper envelopes at the Greenland Institute of Natural Resources, Nuuk, Greenland. The information written on the paper envelopes did not permit us to distinguish between ascending spawners and non-spawning over-wintering individuals.
DNA extraction
DNA from the contemporary samples was extracted using the E.Z.N.A. Tissue DNA Extraction kit following the manufacturer's instructions (OMEGA Bio-Tek, CA, USA). DNA from the historical samples was extracted using the MicroElute Genomic DNA kit (OMEGA Bio-Tek, CA, USA). To minimize contamination, DNA-extraction from historical samples was conducted in a dedicated clean laboratory facility in a separate building with restricted access and with no extraction of contemporary DNA samples taking place. One or two otoliths and scales (if available) were incubated in a 55 °C shaking water bath for approximately 24 h to maximize lysis. Final DNA elution was conducted using a small amount of elution buffer (10-15 µL) in order to maximize DNA concentration. The quality of DNA in the historical samples was tested by polymerase chain reaction (PCR) amplification of the Cryptochrome2b.2 gene (O'Malley et al. 2010 ) using an annealing temperature of 55 °C. Negative controls were included in the PCR amplifications in order to control for extraneous DNA contamination.
SNP analysis
A total of 96 SNPs developed for Arctic char (Jacobsen et al. 2017) were genotyped on a 96.96 Dynamic Array using the Fluidigm EP1 instrumentation (Fluidigm Corporation, San Francisco, CA, USA) and the Fluidigm SNP Genotyping Analysis Software according to the manufacturer's recommendations. The SNPs were identified based on double-digest Restriction site Associated DNA (ddRAD) sequencing (Peterson et al. 2012) , where overlap between first and second reads was used to provide sufficient flanking region for designing assays. As reported by Jacobsen et al. (2017) only 53 of the SNPs proved suitable for analysis, due in particular to insufficient separation of genotypes or highly significant heterozygote excess in the remaining 43 SNPs, the latter presumably reflecting duplication of loci due to the ancestral polyploidy of salmonids (Allendorf et al. 2015) . In the case of the historical samples, all individuals were analysed at least two times in order to provide reliable scoring of genotypes. In case of discordant genotypes for the same individuals between different Fluidigm runs, the final genotype was determined based on the quality score of the genotype in the different runs, or if this was uninformative the genotype for this locus was omitted from further analysis.
Statistical analysis
For each locus, deviations from Hardy-Weinberg equilibrium were tested by permutation tests (99,999 permutations) and expected heterozygosity (H e ) was estimated. Pairwise F ST was estimated between all samples (though excluding the small historical samples), global F ST was estimated between all contemporary samples, and a hierarchical AMOVA (Analysis of Molecular Variance) (Excoffier et al. 1992; Excoffier and Lischer 2010) was used for estimating differentiation between temporal samples within populations (F SC ) and between different populations (F CT ). The latter analysis involved the populations for which both contemporary and historical samples were available with sample sizes exceeding 20 (NUUK-1-1952 , NUUK-1-2012 , NUUK-2-1953 , NUUK-2-2013 , NUUK-4-1953 , NUUK-4-2012 , QAQO-2-1952 and QAQO-5-2014 . The significance of F-statistics was tested by permuting individuals among samples (99,999 times) and, in the case of the hierarchical analysis, by permuting temporal samples among groups. Moreover, a hierarchical outlier test (Excoffier et al. 2009 ) was conducted based on the contemporary samples of anadromous populations (i.e. excluding NUUK-2-LL) and with two groups of populations, NUUK and QAQO, respectively. The purpose of this analysis was to identify possible outlier loci that could bias analyses assuming neutrality. All these analyses were conducted using ARLEQUIN 3.5 (Excoffier and Lischer 2010) .
Spatiotemporal genetic structure was further analyzed at the population and individual levels. First, a neighborjoining tree (Saitou and Nei 1987) was constructed based on the genetic distance by Reynolds et al. (1983) , which assumes divergence by drift. The robustness of the topology was assessed by bootstrapping 1000 times over loci. The R packages "poppr" (Kamvar et al. 2014) , "ape" (Popescu 1 3 et al. 2012) and "adegenet" (Jombart 2008) were used for these analyses. Second, individual genotypes were analyzed by DAPC (Discriminant Analysis of Principal Components) (Jombart et al. 2010 ), implemented in "adegenet". Briefly, the method defines clusters of individuals without prior knowledge of their sample of origin and identifies discriminant functions that distinguish clusters while at the same time minimizing variation within clusters. All individuals from all spatial and temporal samples were included.
We also conducted Bayesian clustering as implemented in STRU CTU RE 2.3.4 (Pritchard et al. 2000; Falush et al. 2003; Hubisz et al. 2009 ). This was used for estimating the number of groups represented by the sampled individuals (k) and for estimating individual admixture proportions. The analyses were based on an admixture model assuming correlated allele frequencies and with no prior information on the origin of individuals. Ten replicates were conducted for each value of k ranging from 1 to 12 and each run consisted of a burn-in period of 5 × 10 4 followed by 5 × 10 5 iterations. The most likely number of populations was determined by the ∆k method (Evanno et al. 2005) implemented in STRU CTU RE HARVESTER (Earl and Vonholdt 2012) . Visualization of individual admixture proportions assuming different k was accomplished with POPHELPER (Francis 2017) .
The relationship between genetic and geographic distance was analyzed by a Mantel test using the program Isolation By Distance Web Service Version 3.23 (IBDWS) (Jensen et al. 2005) , based on waterway geographical distances estimated from Google Earth. This analysis was performed involving (1) all contemporary samples from anadromous populations and (2) contemporary samples from anadromous populations from the NUUK region.
We estimated effective population size (N e ) and immigration rate (m) in individual populations using the maximum likelihood temporal method by Wang and Whitlock (2003) , implemented in the software MLNE. This method estimates effective population size based on the genetic drift that has occurred over time, in this case from the 1950s to the present, and can assume either an isolated population or a population with immigration from a source population of infinite size. The four populations with historical sample sizes > 20 were analyzed, that is NUUK-1, NUUK-2, NUUK-4 and QAQO-2, and we conducted analyses assuming both closed populations and populations open to migration. In order to represent the infinite source population from which immigrants are assumed to be derived, all other samples than those from the focal population were pooled. Arctic char is potentially long-lived and can exhibit complex life-histories. Hence, in a set of southern Greenland populations, earliest maturation took place at 3-4 years of age and the oldest reproducing individuals recorded were 18 years old (Sparholt 1985) . Moreover, many individuals did not spawn every year. As a rough approximation, we therefore repeated all estimates of effective population size assuming generation lengths of 6, 8 and 10 years. The maximum value of N e was set to 10,000 in all analyses. It should be noted that overlapping generations may bias estimates of N e using temporal methods (Waples and Yokota 2007) . However, this is most pronounced for short time intervals between samples and the bias generally disappears when samples are separated by at least 5-10 generations, as was the case in the present study.
Results
SNP genotyping and summary statistics
A total of 95.6% of the genotypes for the 53 SNPs were successfully scored in the contemporary samples. For historical samples, in 28.09% of cases the two or three runs of the same SNP in the same individual yielded discordant results, nearly always reflecting low quality and signal in one of the cases. Hence, these genotypes were resolved by selecting the run with the highest quality score or in case of low quality in all runs the genotype was recorded as missing. The percentage of scored genotypes was consequently slightly lower, 92.8%, than for contemporary samples. Expected heterozygosity (H e ) estimates for all loci in all populations are listed in Supporting Information, Table S1 , and mean H e across loci within populations and the proportion of SNPs showing polymorphism (P%) are listed in Table 1 . Genetic variation was of similar magnitude for historical and contemporary samples from the same populations, albeit with a lower proportion of variable loci in the contemporary NUUK-1-2012 (77%) than the historical NUUK-1-1952 (92%). The landlocked population NUUK-2-LL exhibited reduced variation (H e = 0.173) compared to the downstream anadromous population, NUUK-2 (H e in 1953 = 0.311, H e in 2013 = 0.287). Surprisingly, the three samples of anadromous char from the QAQO region showed lower variation (H e ranging from 0.159 to 0.174 and P% ranging from 58 to 62%) compared to the anadromous NUUK samples (H e from 0.233 to 0.311 and P% ranging from 77 to 96%). This could reflect ascertainment bias (Nielsen et al. 2005; Albrechtsen et al. 2010) , as the SNPs analyzed were initially identified based on individuals from the NUUK region (Jacobsen et al. 2017 ). However, preliminary results based on double-digest RAD sequencing (Peterson et al. 2012 ) from some of the NUUK and QAQO populations suggest similar differences in diversity (unpublished results). As RAD sequencing determines SNPs directly from sequences, ascertainment bias should not be an issue, and the differences in genetic diversity are therefore suggested to reflect a real biological phenomenon rather than artefacts. The tests for Hardy-Weinberg equilibrium yielded four significant outcomes after false discovery rate correction (Benjamini and Yekutieli 2001) . Three of them concerned the locus Contig5808_61 and were associated with heterozygote deficits, but as there were no indications for Hardy-Weinberg disequilibrium in other samples, we decided to keep it in the analyses. The last significant deviation concerned the locus Contig2997. All significant deviations were observed in the historical samples and could reflect artefacts associated with DNA degradation.
Genetic differentiation and spatio-temporal structure
The hierarchical outlier test revealed no high F ST outliers at the 1% level and three at the 5% level, whereas one locus was a low F ST outlier at the 1% level and another at the 5% level (see Supporting Information, Fig. S1 ). Given the weak evidence for selection we find it justified to assume neutrality of the SNPs used in the study.
F ST among all contemporary samples was 0.125 (p < 0.001). The hierarchical analysis of differentiation showed much higher divergence between samples from different populations (F CT = 0.091, p < 0.001) than between temporal samples within populations (F SC = 0.010, p < 0.01), thus indicating temporal stability of the genetic population structure. This pattern was also evident when considering the estimates of pairwise genetic differentiation, where F ST between temporal samples from the same populations (NUUK-1, NUUK-2, NUUK-4 and QAQO-2) was low, ranging between 0.004 and 0.018 and in two cases were non-significant (Table 2 ). Differentiation between samples from different populations were generally higher and significant, although the populations NUUK-2, NUUK-3 and NUUK-4 in general showed low differentiation from each other (Table 2 ), in accordance with their geographic proximity (Fig. 1) . The pattern of temporal stability of populations was further supported by the Neighbor-Joining tree (Fig. 2) . In all cases, temporal samples from the same populations clustered, in three out of four cases supported by high bootstrap values.
The analysis of isolation-by-distance based on contemporary samples provided more evidence for association between genetic and geographical distance. Hence, for all anadromous populations the correlation between geographical and genetic distance (r) was 0.741 (p = 0.004) and for the NUUK region it was 0.927 (p = 0.024).
The DAPC analysis (Fig. 3) yielded further insights into the genetic relationships of individuals and populations. The first 40 Principal Components were retained and the most likely number of groups or clusters represented by the individual multilocus genotypes was five, as determined by the Bayesian Information Criterion (BIC). In total, 86.4% of the original variance was retained. The scatterplot of mean sample coordinates on the first and second discriminant functions is shown in Fig. 3a , the group memberships of individuals are shown in Fig. 3b and membership probabilities of individual genotypes are shown in Supporting  Information, Fig. S2 . Group 1 was composed primarily of historical and contemporary individuals from NUUK-2, but also with some individuals from primarily NUUK-3 and NUUK-4. Group 2 was composed primarily of historical and contemporary individuals from NUUK-1. Group 3 represented the majority of individuals from NUUK-3, NUUK-4 and NUUK-5, along with individuals from NUUK-2. Group 4 was almost exclusively composed of individuals from the landlocked population NUUK-2-LL. Finally, all individuals from QAQO-1 and QAQO-2 were found in Group 4 along with some individuals from NUUK-1, NUUK-2, NUUK-3 and NUUK-4. The latter individuals could potentially be migrants, or alternatively they could represent individuals with ambiguous genotypes (homozygotes for common alleles) which would be attracted to the QAQO cluster as these populations showed less variation. In total, the results supported a high coherence of individuals from different temporal samples from the same populations, but also showed that the samples from NUUK-2, NUUK-3 and NUUK-4 were heterogeneous with respect to group membership. This tendency was stronger in the contemporary than historical samples (Fig. 3b) .
The analyses using STRU CTU RE provided strongest support for k = 4, as determined by the ∆k method ( Supporting  Information, Fig. S3 ). The distribution of admixture proportions ( Supporting Information, Fig. S4 ) retrieved mostly the same groups of individuals as membership probabilities estimated using DAPC (Supporting Information, Fig. S2 ), but did not separate NUUK-2 from NUUK-3, NUUK-4 and NUUK-5 individuals. However, these two groups of populations were separated at k = 5, and at k = 6 QAQO-1 was also separated from QAQO-2 ( Supporting Information, Fig. S4 ).
Effective population size and migration rate
With an assumed generation time of 6 years and a closed population, point estimates of N e values ranged from 179 to 685, with NUUK-1 being the smallest and QAQO-2 the largest populations. Assuming immigration into populations yielded generally similar N e estimates, ranging from 188 (NUUK-1) to 610 (NUUK-2), and with three of the populations showing point estimates of N e > 500. Migration rate estimates varied considerably among populations, from < 0.001 in QAQO-2 to 0.058 in NUUK-2. In all cases, confidence intervals of both N e and m were wide, and in some cases the upper confidence limit of N e exceeded the maximum value of 10,000.
Assuming generation lengths of 8 and 10 years yielded lower N e and higher m estimates as compared to a generation length of 6 years (Supporting Information, Tables S2  and S3 ). Nevertheless, point estimates of N e were still in the Table 2 Pairwise 
Discussion
Both individual and population-level analyses suggested that anadromous Arctic char in the region represent a system characterized by temporal stability and relatively high effective population sizes (at least in the hundreds). The landlocked population included in the study (NUUK-2-LL) appeared largely disconnected from the anadromous populations, whereas the latter showed a strong pattern of isolation by distance. These findings obviously depend on the reliability of the data, where especially DNA from historical samples could potentially be associated with artefacts, including contamination and allelic dropouts (Wandeler et al. 2007 ). However, SNPs were not observed in negative controls on the Fluidigm platform, and only few deviations from Hardy-Weinberg equilibrium were observed, suggesting that contamination or allelelic drop-outs were not important factors in this study. Moreover, the close genetic relationships between temporal samples from the same populations are unlikely to occur as a result of artefacts; these would rather act to increase differentiation between historical and contemporary samples. Another potential bias in the data consists in differences in sampling of contemporary and historical populations. Notably, Moore et al. (2013) found more strayers among over-wintering non-spawning adult char than among spawners. There was a tendency for more heterogenous assignment of individuals from the contemporary as opposed to historical samples from NUUK-2, NUUK-3 and NUUK-4 (Fig. 3b) . It is possible that over-wintering nonspawning char were included in these samples, but on the other side they could also be present in the historical samples from the same populations. Again, however, inclusion of non-spawning strayers from other populations should not lead to false conclusions about temporal stability of genetic differentiation. If anything, it would mean that temporal stability has been underestimated.
Spatiotemporal genetic structure of populations
Previous studies of spatiotemporal genetic structure in a range of anadromous salmonid species have generally resulted in two different types of outcome. Most studies have observed temporal stability (Nielsen et al. 1999; Hansen et al. 2002; Palstra and Ruzzante 2010; Gomez-Uchida et al. 2012; Iwamoto et al. 2012 ). However, some exceptions exist, where populations inhabiting small, environmentally (Laikre et al. 2002; Østergaard et al. 2003) or where specific episodes of environmental perturbation have affected genetic structure over time (Heath et al. 2002) . Given the harsh arctic winters in Greenland and the small spawning habitats available in many Greenlandic rivers, it could be envisaged that populations frequently went extinct or were subject to strong genetic drift. However, our results show that this is not the case and that the population system shows considerable temporal stability. The pronounced isolation-by-distance is also in accordance with a previous study of anadromous Arctic char (Harris et al. 2014) and is a general finding in anadromous salmonid fishes (Fraser et al. 2011) . Along with the low inferred migration rates this suggests that natal homing is a prominent feature of Arctic char in the region, although it should also be considered that long and cold winters reduces the time period that individuals spend in the sea, thus limiting the possibilities for undertaking long-distance migrations. The temporally stable local genetic population structure is potentially important for fisheries management. Hence, net fishing often targets specific rivers close to towns and villages, and local populations may thus be subject to divergent negative consequences depending on the distance to human settlements.
Effective population size, migration rate and potential for local adaptation
The temporal estimates of immigration rate (m) and particularly effective population size (N e ) were generally associated with broad confidence intervals. This reflects that the power of temporal methods to a large extent depends on (1) the magnitude of N e , with higher precision at low N e , (2) the number of markers, with only few SNPs available for analyzing historical and contemporary samples in this species, and (3) sample sizes (Waples and Yokota 2007) , which in the present study were limited due to the availability of historical samples and logistical constraints of sampling. Nevertheless, the results suggested some differences among populations, with the point estimate of N e in NUUK-1 being considerably lower and m in NUUK-2 being considerably higher than in the other populations, although it should be noted that confidence intervals overlapped.
The low N e estimate in NUUK-1 is surprising, as it should represent considerable available spawning habitat. However, this system is unique in Greenland by also harboring a spawning population of Atlantic salmon. It is not known why a stable population of salmon is found here and not in other localities, but it could reflect that temperature increases during the flow through the seven lakes. Hence, the environmental conditions favorable to Atlantic salmon might be unfavorable to Arctic char. Also, interactions between the species could play a role. Direct interactions could involve A B Fig. 3 Results of Discriminant Analysis of Principal Components (DAPC) analysis (Jombart et al. 2010) for analyzing grouping of individuals from historical and contemporary samples. a Scatterplot of individuals along the two first discriminant functions and inertia ellipses of the five groups. The inserted barplot shows the eigenvalues of the analysis. b Number of individuals from all historical and contemporary samples assigned to the five groups 1 3 competition, whereas an indirect effect could involve fishing pressure on the salmon population leading to increased by-catch of Arctic char. The high m in NUUK-2 is in accordance with the individual assignment results using DAPC (Fig. 3.b ) and could reflect a high immigration rate into this spatially restricted spawning habitat, but it could also reflect an increased number of immigrants among non-spawning adults (see discussion above).
If we assume a generation length of 6 years, then in three out of four populations point estimates of N e exceeded 500 and m < 0.01 (assuming a model with immigration; Table 3 ). Hence, N e exceeded the minimum N e of 500 required to maintain evolutionary potential (Franklin 1980; Franklin and Frankham 1998) , although this number has been subject to some debate (Lynch and Lande 1998) . Importantly, however, the anadromous Arctic char populations are subject to gene flow, which may act to both reduce and enhance adaptive responses and local adaptation (Garant et al. 2007 ). To further assess the potential for local adaptation we considered the approach by Adkison (1995) based on formulas by Nagylaki and Lucier (1980), which evaluates effective population size and rate of gene flow relative to hypothetical selection coefficients, assuming a stepping-stone model of gene flow. Hansen et al. (2002) assessed local adaptation of brown trout populations using this approach. If we assume that the anadromous Arctic char populations of the present study in general exhibit N e of 500 and m of 0.01, then according to Hansen et al. (2002) (Table 4 , Scenario D) local adaptation should be possible even at low selection coefficients (0.001), if selection regimes are similar at a geographical scale of 4 neighboring populations.
Using a different approach and assuming a Continent-Island model, then at the level of individual populations selection (s) becomes stronger than drift if s > (4N e m + 1)/(4N e m + 2N e + 1) (Yeaman and Otto 2011) . Assuming N e of 500 and m of 0.01 this would mean that s should > 0.02, corresponding to strong selection. Hence, whereas local adaptation is theoretically plausible at the level of individual populations, it would be expected to be more pronounced at the scale of several neighbouring populations within a region sharing similar selection regimes.
The approaches taken in the preceding address the potential for local adaptation, but this also depends on the extent to which selection regimes actually differ among habitats. Freshwater bodies in Greenland are characterized by simple and species-poor ecosystems (Jeppesen et al. 2017 ), but at the abiotic level local and regional differences nevertheless exist at the physico-chemical level (Jeppesen et al. 2017) , water temperatures (e.g. proximity to glaciers) and size and accessibility of habitats, as exemplified by the localities in this study. Hence, environmental differences do exist to which populations could be locally adapted.
Adaptive responses to climate change
The biological consequences of climate change and the extent to which populations and species can respond through phenotypic plasticity or microevolution is subject to considerable discussion. Hence, it has been argued that altered seasonal timing may be the most important change of selection regimes, at least in temperate and arctic regions (Bradshaw and Holzapfel 2008) . Also, a recent series of reviews concluded that although some examples of microevolutionary responses to climate change exist, most cases of phenotypic change represent phenotypic plasticity, -or at least phenotypic plasticity cannot be ruled out (Merila and Hendry 2014) .
Specifically for Greenland, important phenological mismatches between terrestrial plants and pollinators have been observed that coincide with a period of significant climate change (Høye et al. 2013) . It is not known whether similar phenological changes have already occurred in Arctic char. However, in salmonid fishes water temperature strongly affects both early life history and timing of spawning migration, and genetic variation and evidence for local adaptation of the involved traits has been demonstrated (Koskinen et al. 2002; Jensen et al. 2008; Kovach et al. 2012) . It would therefore be expected that altered seasonal timing represents a particularly important challenge for Arctic char in Greenland, but also that the populations should harbor some adaptive potential as discussed previously, both in the form of new mutations and, more likely, standing genetic variation. The long generation time of the species may, however, Table 3 Estimates of effective population size (N e ) and migration rate (m) and their 95% confidence intervals, obtained using the temporal method MLNE and assuming a generation length of 6 years impose a serious challenge, as microevolutionary change may be unable to track the pace at which climate change takes place. Evolutionary rescue could compensate for this, that is introduction of genetic variation by migrants (or translocated individuals) from populations better adapted to the altered selection regimes (Bell and Gonzalez 2009; Gonzalez et al. 2013 ); this would be particularly important if standing variation of importance to adaptive responses is not already present within populations. Our results show that gene flow does occur between anadromous populations, potentially allowing for natural evolutionary rescue, but also that it is limited and primarily between neighbouring populations. Hence, microevolution and evolutionary rescue are more likely to be important in the longer term, depending on the rate of environmental change, whereas most shortterm responses would be expected to involve phenotypic plasticity.
Conclusions
Analysis of temporal samples covering a period of 60 years showed that despite inhabiting harsh Arctic environments, Western Greenland anadromous Arctic char exhibit a temporally stable genetic population structure. Based on estimates of effective population size and gene flow, the populations are likely to be locally adapted and should have some evolutionary potential. It is nevertheless unclear whether or not the Arctic char populations can adapt to ongoing climate change in the Arctic through microevolution. With a long generation time and rapid environmental change, evolutionary responses could depend on the possibility of evolutionary rescue mediated by natural migration from populations better adapted to the altered environments. However, as rates of gene flow are low and primarily involving neighboring populations, the role of evolutionary rescue may be modest, at least in the short term.
